Study by modeling and simulation of open-switch fault diagnosis for five-level converters by Becker, Florent et al.
  
TRANSACTIONS ON ENVIRONMENT AND ELECTRICAL ENGINEERING ISSN 2450-5730 Vol 2, No 1 (2017) 
© Florent Becker, Ehsan Jamshidpour, Philippe Poure, Shahrokh Saadate 
 
Abstract— In this paper, an open-switch fault diagnosis 
method for five-level H-Bridge Neutral Point Piloted (HB-NPP) 
or T-type converters is proposed. While fault tolerant operation 
is based on three steps (fault detection, fault localization and 
system reconfiguration), a fast fault diagnosis, including both 
fault detection and localization, is mandatory to make a suitable 
response to an open-circuit fault in one of the switches of the 
converter. Furthermore, fault diagnosis is necessary in embedded 
and safety critical applications, to prevent further damage and 
perform continuity of service. 
In this paper, we present an open-switch fault diagnosis 
method, based on the switches control orders and the observation 
of the converter output voltage level. In five-level converters such 
as HB-NPP and T-type topologies, some switches are mostly 'on' 
at the same time. Therefore, the fault localization is quite 
complicated. The fault diagnosis method we proposed is capable 
to detect and localize an open-switch fault in all cases. Computer 
simulations are carried out by using Matlab Simulink and 
SimPowerSystem toolbox to validate the proposed approach. 
  
Index Terms— Open-switch fault; fault diagnosis; fault 
detection; fault localization; Multilevel converter; Neutral Point 
Piloted converter; T-type converter; H-bridge. 
 
I. INTRODUCTION 
n the recent decades, the high-power and Medium-Voltage 
(MV) industrial applications have increased significantly. 
MV grids connection of these applications with respect of 
device rating limits requires some series-parallel combinations 
of power semiconductor switches. The Multilevel Converter 
(MC) topologies could provide significant advantages for 
these applications, such as output waveforms improvement 
and low switching frequency. Therefore, in a MC, the output 
filters and the use of passive components could be reduced. 
On the other hand, a low switching frequency allows 
performing high efficiency. Among the different MC 
topologies, the Neutral Point Piloted (NPP) converter is one of 
the widely used in high-power industrial applications, more 
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particularly in High Voltage-Direct Current transmission as 
well as in power quality improvement of PV generation and 
wind energy systems [1]. 
A combination of the NPP and H-Bridge topologies (HB-
NPP) that is depicted in Fig. 1 allows generating five voltage 
levels (Vdc, Vdc/2, 0, -Vdc/2, -Vdc).  The five voltage levels are 
summarized in Table I with their associated switching states, 
considering the current i(t) direction. The Table I details the 
passing components associated to each voltage level for i(t)>0. 
By the same, Table II is dedicated to i(t) <0. The derived HB-
T-type topology (Fig. 2) allows generating the same voltage 
levels. 
 
 
 
Fig. 1 HB-NPP five level topology. 
 
 
 
Fig. 2 HB-T-type five level topology. 
 
TABLE I 
VOLTAGE LEVELS AND POSSIBLE CORRESPONDING STATES FOR THE HB-NPP 
AND T-TYPE TOPOLOGIES FOR i(t)>0. 
Voltage 
level 
State 
Passing components 
HB-NPP T-Type 
Vdc 1 T11, T12, T23, T24 T1,T4 
Vdc /2 
2 TC1+, DC1-, T23, T24 TC1+, DC1-, T4 
3 T11, T12, TC2-, DC2+- T1, TC2-, DC2+ 
0 
4 TC1+, DC1-, TC2-, DC2+ TC1+, DC1-, TC2-, DC2+ 
5 T11, T12, D22, D21 T1, D3 
6 D13, D14, T23, T24 D2, T4 
- Vdc /2 7 D13, D14, TC2-, DC2+ D2, TC2-, DC2+ 
Tc2+
Dc2+
Dc2-
Tc2-
T11 D11
T12 D12
T13 D13
T14 D14
T21 D21
T22 D22
T23 D23
T24 D24
Tc1+
Dc1+
Dc1-
Tc1-
Vo
Vdc
2
Vdc
2
N
i(t)
Tc2+
Dc2+
Dc2-
Tc2-
T1 D1
T2 D2
Tc1+
Dc1+
Dc1-
Tc1-
Vo
Vdc
2
Vdc
2
N
T3 D4
T4 D4
i(t)
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 8 TC1+, DC1-, D21, D22 TC1+, DC1-, D3 
- Vdc 9 D13, D14, D21, D22 D2, D3 
When fault occurrence is considered, one of the most 
critical elements in power electronic converters are the 
semiconductor switches. Switches or gate drivers faults, 
resulting in open-circuit fault (OCF) or short-circuit fault 
(SCF), affect the power generation and may lead to its 
shutdown. More than 30% of malfunctions and breakdowns 
are reported to be due to power semiconductor failures [2]. 
TABLE II 
VOLTAGE LEVELS AND POSSIBLE CORRESPONDING STATES FOR THE HB-NPP 
AND T-TYPE TOPOLOGIES FOR i(t)<0 
Voltage 
level 
State 
Passing components 
HB-NPP T-Type 
Vdc 1 D11, D12, D23, D24 D1,D4 
Vdc /2 
2 TC1-,  DC1+, D23, D24 TC1+, DC1-, T4 
3 D11, D12, TC2+, DC2-- D1, TC2+, DC2- 
0 
4 TC1-, DC1+, TC2+, DC2 TC1-, DC1+, TC2+, DC2- 
5 D11, D12, T21, T22 D1, T3 
6 T13, T14, D23, D24 T2, D4 
- Vdc 
/2 
7 T13, T14, TC2+, DC2- T2, TC2+, DC2- 
8 TC1-, DC1+, T21, T22 TC1-, DC1+, T3 
- Vdc 9 T13, T14, T21, T22 T2, T3 
 
Typically, industrial gate drivers include SCF protection 
(resulting in OCF) but OCF detection must be diagnosed to 
accomplish fault tolerance and continuity of service. 
Therefore, a fast and robust OCF diagnosis is required. A few 
works have studied open-switch fault detection in H-bridge 
converter and Multilevel Matrix Converters [3-7]. After fault 
detection, the localization of the faulty switch is mandatory to 
manage the post-fault operation as proposed in [8-11].  
In this paper, a new OCF detection method with faulty 
switch localization capability is proposed. It can be applied to 
both HB-NPP and T-type topologies as well. The principle of 
the proposed fault detection method is summarized and 
detailed in the next section.  
More, some simulations have been performed to validate 
the proposed method in Matlab-simulink environment, by 
using SimPowerSystems toolbox. The simulation results 
shown in section III confirm the robustness, the rapidity of the 
OCF detection and the localization capability. 
 
 
Fig. 3 Fault diagnosis principle for a T-type converter  
 
 
Fig. 4. Open switch fault diagnosis in State 2 (i(t)>0). 
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Fig 5. Open switch fault diagnosis in State 3.  
 
II. PRINCIPLE OF THE FAULT DIAGNOSIS METHOD 
Fig. 3 shows the principle of the proposed fault diagnosis 
[13]. The converter is controlled by a classical carrier-based 
PWM [12]. Thus, the switching pattern (δi…δn) is generated 
by the control system. By using the switching pattern and the 
Tables I and II, the actual state (Sx), passing components and 
estimated output voltage (Voe) can be determined. In normal 
condition, the measured output voltage Vo is equal to the 
estimated voltage (Voe). Otherwise, in the case of an OCF, 
these voltage values (Vo and Voe) are not equal. 
The major problem in the studied five-level converters is 
the fault localization. The localization block (Fig. 3) identifies 
the faulty vertical or horizontal switch. Based on Tables I and 
II, several switches could be faulty in each state. To precise 
the fault location, the measured output voltage level is 
considered. 
To clarify the localization principle, let us suppose an OCF 
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It is not possible to discriminate the faulty switch 
beetween T1 and Tc2-
 detection when the converter operates in State 2 (i(t)>0) 
(Fig.4). In this case, according to Table 1 for the HB-T-Type 
topology, the faulty switch can be T4 (T23 or T24 for the HB-
NPP topology) or TC1+. In the HB-NPP topology case, the 
discrimination between T23 or T24 is not necessary to 
perform post-fault operation. By the same, if the declared fault 
was due to a fault occurrence on DC1-, considering TC1+ as 
faulty will lead to the same and suitable post fault operation. 
Here, the output voltage level will be equal to 0 if TC1+ is 
faulty (Fig.4). Otherwise, it will be equal to (-Vdc/2) if T4 
(T23 or T24 for the HB-NPP topology) is faulty (Fig.4). To 
clarify the previous explanations, the equivalent circuits and 
the associated current paths are presented in Fig.4, in heathly 
conditions and when Tc1+ or T4 is faulty. 
 
TABLE III 
DIAGNOSIS OF THE FAULTY SWITCH FOR i(t)>0 
State Healthy conditions 
Faulty conditions 
Voltage level Faulty switch 
1 Vo=Vdc 
Vo=0 T4 
Vo=Vdc/2 T1 
2 Vo=Vdc/2 
Vo=0 Tc1+ 
Vo=-Vdc/2 T4 
3 Vo=Vdc/2 
Vo=0 
Tc2- Tc1+ is switched off 
Vo=0 
Vo=0 
T1 Tc1+ is switched off 
Vo=-Vdc/2 
4 Vo=0 
Vo=0 
Tc2- T1 is switched on 
Vo=0 
Vo=0 
Tc1+ T1 is switched on 
Vo=Vdc/2 
5 Vo=0 Vo=-Vdc/2 T1 
6 Vo=0 Vo=-Vdc T4 
7 Vo=-Vdc/2 Vo=-Vdc Tc2- 
8 Vo=-Vdc/2 Vo=-Vdc Tc1+ 
 
Nevertheless in some states, it is not possible to determine 
the faulty switch by only comparing the estimated and 
measured output voltages. For example, let us consider the 
State 3 (i(t)>0). Fig. 5 presents the current paths when T1 or 
Tc2- is faulty: in both cases, the output voltage Vo is equal to 
0 and it is not possible to discriminate the faulty switch. In 
fact, even if the only passing switches in the State 3 are T1 
and Tc2-, the switching order applied to Tc1+ by the PWM 
control is ‘1’. In heathly conditions, Tc1+ is open, even if an 
order equal to ‘1’ is applied to its driver (Tc1+ reverse biased, 
Fig.5). However, when an OCF of in T1 occurs, Tc1+ is no 
more reverse biased and conducts the output load current. 
Notice that in the case of an OCF in Tc2- , the switch T1 
remains reverse biased (Fig.5). Consequently, after switch 
fault detection (Voe ≠ Vo i.e Vo≠Vdc/2) the localization 
algorithm (Fig. 3) switches off Tc1+ which results in a new 
output voltage value (Fig. 5). If the resulting value of Vo is 
equal to –Vdc/2, the faulty switch is T1; otherwise, Vo remains 
equal to 0 and the faulty switch is Tc2-. If necessary, the same 
approach can be applied in the suited states to perform OCF 
diagnosis (For example, Sates 3 and 4 when i(t) > 0). Table III 
summarizes the fault diagnosis for i(t)>0. 
III. SIMULATION RESULTS 
To validate the performances of the proposed fault 
diagnosis method, some simulations are performed for a HB 
T-type converter feeding a (R, L) load with R=30Ω and  
L=10mH (Fig. 6). The Vdc is 1200 V. The PWM switching 
frequency is 2 kHz. The simulations are realized in 
Matlab/Simulink environment by using SymPowerSystem 
library. The following simulation results are presented in two 
State cases, when an OCF occurs in the State 2 (subsection A) 
and when an OCF occurs in the State 3 (subsection B), as 
discussed in section II. Two OCF cases in State 2 are 
presented in the next subsection: the first case is an OCF of 
Tc1+ and the second one is an OCF of T4. In subsection B, we 
discuss the OCF diagnosis in State 4: first when T1 is faulty 
and secondly when Tc2- is faulty. The same validation by 
simulation has been performed for all other states.  
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Fig. 6 HB-T-Type connected to a (R, L) load. 
 
A. Fault in State 2 
Fig 7. shows the simulation results when an OCF is 
occurred in Tc1+. To generate the OCF, the switching pattern 
of Tc1+ is forced to '0' by using the signal “Fault generation” 
(Fig 7). This signal modifies the control order applied to Tc1+, 
by forcing it to '0' when “fault generation” is switched to '1'. 
By this way, at the time t = 6.1ms, an OCF is generated on 
Tc1+. 
A zoom around the fault occurrence is provided in Fig. 8 in 
order to give more details on fault diagnosis. When the fault is 
occurred at t=6.1 ms, Tc1+ is off. Therefore, until t=6.46 ms, 
the values of Voe and Vo are equal because Tc1+ is not 
switched on to generate the output voltage level. Thus, the 
OCF cannot be detected. At t=6.46 ms, the command of Tc1+ 
switches to '1', but the switch remains off because of the 
generated OCF. As a result, the values of Vo and Voe become 
different; then the fault can be declared (signal “Fault 
detection in Fig 8). 
  
Fig. 7 Simulation results when Tc1+ is faulty (OCF). 
 
 
 
Fig. 8 Zoomed simulation results when Tc1+ is faulty (OCF). 
 
After fault detection, fault localization must be performed. 
The proposed method not only declares the fault but also 
discriminates the faulty switch by considering the actual State 
during fault apparition, by using the switching pattern and 
Table I or Table II. In this case, the converter is in state S2 
with i(t) >0. Thus the faulty switch can be T4 or TC1+ and the 
output voltage should be Vdc/2 (Heathly conditions). As it can 
be seen in Fig. 8, the output voltage is equal to '0'. As 
mentioned in section II, the localization algorithm that 
observes the output voltage value can discriminate the faulty 
switch, here Tc1+.  
 
 
Fig. 9 Simulation results when T4 is faulty (OCF). 
 
 
Fig. 10 Zoomed simulation results when T4 is faulty (OCF). 
 
Fig. 9 shows the simulation results for an OCF in T4. In 
Fig. 10 which is a zoomed view of Fig. 9, after the fault 
occurrence, the OCF  in T4 is generated by the signal “Fault 
generation”. Nevertheless, this OCF cannot be detected while 
the command of T4 is '0' (T4 is off). When the command of 
T4 goes to '1', it remains off and then the output voltage of the 
H-T-type converter becomes equal to –Vdc/2 instead of Vdc/2 
(value of Voe). By using Table I, the fault is declared when the 
converter is in state S2. In healthy conditions, in this state, Vo 
should be equal to Vdc/2. Therefore, an OCF can be declared. 
The fault localization is done by the localization algorithm and 
T4 is declared as the faulty switch.  
B. Fault in State 3 
 
In this subsection, an OCF in State 3 is considered. First, an 
OCF is artificially applied to T1 by using the suited signal 
“Fault generation” (See Fig. 11): consequently, at t = 8.7 ms, 
an OCF is generated in T1. Figure 12 shows a zoom view of 
Fig. 11, for a short duration around the fault occurrence. As 
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 one can see in Fig. 12, when the OCF is artificially generated, 
the switching pattern of T1 is zero (time  in Fig. 12), thus 
the HB-NPP converter operates correctly. Consequently, no 
fault occurrence must be detected because T1 is normally open 
(area  in Fig. 12). At the time  in Fig. 12, the switching 
pattern of T1 becomes one and the output voltage V0 remains 
equal to zero instead of switching from zero to Vdc/2. At this 
time, an OCF is declared because V0 is different from V0e (see 
 in the signal “Fault detection” in Fig. 12) but the faulty 
switch cannot be determined, as explained in Fig. 5. To 
discriminate the faulty switch between T1 and TC2-, TC1+ is 
switched to zero (see  in the signal “Fault detection” Fig. 
12): thus, the output voltage V0 switches from zero to (-Vdc/2) 
and the fault localization can be performed: T1 is declared as 
the faulty switch (see  in Fig. 12). 
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Fig.11: Simulation results when T1 is faulty (OCF in State 3). 
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Fig.12: Zoomed Simulation results when T1 is faulty. 
 
In the same spirit as the simulation previously discussed, an 
OCF is artificially applied to TC2- (See signal “Fault 
generation in Fig. 13): consequently, at t = 8.96 ms, an OCF is 
generated in TC2-. Figure 14 shows a zoom view of Fig. 13, 
for a short duration around the fault occurrence. As one can 
see in Fig. 14, when the OCF is artificially generated (time  
in Fig. 14), the switching pattern of TC2- is one, thus the HB-
NPP converter do not operate correctly after the fault 
occurrence. The fault occurrence is quickly detected because 
the output voltage V0 becomes equal to zero instead of Vdc/2. 
(time  in Fig. 14). At this time , an OCF is declared 
because V0 is different from V0e  but the faulty switch cannot 
be determined, as explained in Fig. 5. To discriminate the 
faulty switch between T1 and TC2-, TC1+ is switched to zero 
(see  in the signal “Fault detection” in Fig. 14): thus, the 
output voltage V0 remains equal to zero and the fault 
localization can be performed: TC2- is declared as the faulty 
switch (see  in the signal “Fault detection” in Fig. 14). 
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Fig.13 : Simulation results when Tc2- is faulty (OCF in state 3). 
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Fig.14 : Zoomed Simulation results when Tc2- is faulty. 
 
IV. CONCLUSION 
H-Bridge Neutral Point Piloted or T-type converters are 
increasingly being used in industrial applications. Generally, 
they are used in applications where continuity of service is 
mandatory. Furthermore, switch faults are the most common 
faults in power electronics converters. After a fault 
occurrence, in order to avoid its propagation in the whole 
system, a fast and robust fault diagnosis method must be 
implemented to perform the reconfiguration of the converter. 
Even if short-circuit faults are handled by the switches' 
drivers, this is not the case for open-switch faults. An open-
switch fault diagnosis method for HB-NPP or T-type 
converters is proposed in this paper. This method is based on 
the switches states and on the output voltage level observation. 
The validity of the diagnosis is illustrated by simulations in 
some OCF cases. 
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